Background: Fluorine-18-fluorodeoxyglucose positron-emission tomography with computed tomography has revolutionized medical diagnosis by adding functional activity to anatomic imaging. We report our experience with this technique in patients with mycotic aortic pathology and aortic vascular graft infection. Methods: We conducted a retrospective review of a prospective database of patients who underwent 18 F-fluorodeoxyglucose positron-emission tomography with computed tomography for suspected infective aortic disease. From 2012 to 2016, 13 patients underwent 18 F-fluorodeoxyglucose positron-emission tomography. Of these, 9 (69%) had a vascular graft infection (5 infrarenal aorta, 1 para-visceral, 2 descending, and 1 arch; 2 had previous open surgery and 7 had endovascular interventions) and 4 (31%) had a mycotic aneurysm (2 aortic arch, 1 infrarenal aorta, and 1 distal aorta and common iliac; 3 had endografts). The indications for imaging, location of pathology, 18 F uptake, and clinical outcomes were analyzed. Results: Eight (62%) patients had a single scan and 5 (38%) had serial scans performed. Among the 5 patients who had serial imaging, 3 showed decreased 18 F uptake and 2 had increased uptake. Only one patient underwent subsequent endograft removal; the others were treated with lifelong antibiotics. There were 5 (38%) deaths on follow-up.
Introduction
Infection of the aorta is life-threatening. Conventional surgical options include ligation or excision with in-situ or extraanatomical reconstruction. 1 Endovascular stenting or long-term antibiotics for mycotic aneurysms in the presence of sepsis is controversial. 2 The use of stent grafts to treat aortic sepsis may be a temporary measure or sometimes, the only option for management of critically ill patients who are unfit to undergo surgery. 3, 4 The diagnosis of aortic sepsis may be difficult. Computed tomography (CT) scans offer anatomical information only and may be inconclusive, especially if the periaortic fluid collection or stranding are nonspecific. 5 Non-gas-forming organisms do not cause periaortic stranding pathognomic of fulminant sepsis. 6 Developed in the early 1990s by Townsend and colleagues, 7 hybrid fluorine-18-fluorodeoxyglucose (FDG) positron-emission tomography with CT ( 18 F-FDG PET/CT) provides both functional and structural definition in areas of hypermetabolic activity caused by infective or mitotic processes because inflammatory or cancer cells demand increased usage of metabolic glucose. This is demonstrated by increased FDG uptake compared to normal tissue. There is currently no consensus on the routine use of 18 F-FDG PET/CT, however, the role of this imaging modality in diagnosing vascular infection has received recent interest. 8 18 F-FDG PET/CT has been shown to have accurate diagnostic powers in aortic vasculitis and infection, 9 but the evidence is limited to small case series and individual case reports. [10] [11] [12] [13] Studies on the use of 18 F-FDG PET/CT in vascular graft infection (VGI) are less well reported but have also shown promising results. [14] [15] [16] [17] [18] There are concerns regarding its sensitivity however, particularly in phases of noninfective inflammation of aneurysms and during the early postoperative period after graft placement when inflammatory processes can lead to false-positive readings. 8 The aim of this study was to report our experience in the use of 18 F-FDG PET/CT for the diagnosis and management of aortic infection in patients with mycotic aneurysms, open and endovascular aortic VGI.
Patients and methods
A retrospective review was conducted of patients with mycotic aortic aneurysms or VGI within a 5-year period from 2012 to 2016, who were identified using a prospectively collected departmental database in Queen Mary Hospital, Hong Kong. Clinical data of these patients were retrieved from the Clinical Data Analysis and Reporting System, a comprehensive prospectively entered, centralized computerized database of patients admitted to all hospitals in Hong Kong.
Criteria for 18 F-FDG PET/CT were patients with unconvincing CT or clinical findings. Unfortunately, not all patients who presented to us with suspected or proven aortic infection had 18 F-FDG PET/CT scans because these are expensive and self-financed imaging modalities. Only those who underwent 18 F-FDG PET/ CT imaging during the study period for suspected infective aortic pathology were included. Patient demographics, clinical presentation, management plans, and outcomes were recorded. As this was a retrospective study involving a diagnostic imaging modality in common use, ethical approval from the institutional review board was not required.
Over the study period, 245 patients underwent an intervention for aortic aneurysm, aortic infection, or VGI. Of these, 188 (76.7%) had endovascular repairs and 57 (23.3%) had open procedures. Thirteen (9.4%) patients (12 males, mean age 72 years, range 31-88 years) with a presumptive or proven diagnosis of aortic infection or VGI underwent 18 F-FDG PET/CT scanning. Nine (69%) of these 13 patients had a vascular prosthesis and were suspected of having VGI; 7 had undergone endovascular aneurysm repair (EVAR) and 2 had open graft insertions. Two patients had aneurysms of the descending thoracic aorta and one had an aortic arch aneurysm; these 3 patients underwent thoracic EVAR (TEVAR). Five patients had infrarenal abdominal aortic aneurysms (AAA); 4 had undergone EVAR and one had an open repair. One patient had undergone aortobifemoral bypass for occlusive disease. The mean interval from the date of intervention to suspected VGI was 33 months. Four (31%) patients had native aortas and were diagnosed with mycotic aneurysms. Blood cultures were positive in 8 (62%) patients. The organisms cultured were Salmonella, methicillin-resistant Staphylococcus aureus, Pseudomonas, and Klebsiella. The demographics of these 13 patients with VGI or mycotic aneurysms are summarized in Table 1 .
The model of PET scanner used depended on the local institution of referral. In general, patients were requested to fast 4-6 hours prior to scanning. Wholebody 18 F-FDG PET/CT and contrast-enhanced 64-multidetector CT were performed from the base of the skull to the upper thighs 1 hour after injection of 18 F-FDG. Scans were interpreted by specialist nuclear medicine radiologists. Serial scans were arranged for patients deemed clinically necessary for disease monitoring. The 18 F-FDG PET/CT images were viewed in our department using a TeraRecon Aquarius workstation (TeraRecon, Inc., San Mateo, CA, USA) that rapidly manipulates all preoperative Digital Imaging and Communications in Medicine data sets. The patientspecific data could also be imported into a Syngo MultiModality Workplace Server (Siemens Artis Zee, Erlangen, Germany) that facilitated efficient processing and viewing of three-dimensional images during the endovascular procedure.
Results
The diagnoses and treatments received are summarized in Figure 1 and Table 1. All 13 patients had at least one 18 F-FDG PET/CT scan, and 5 (38%) had serial scans (at least 2). Three of the serial scans showed a progressively decreasing maximal standardized uptake value (SUVmax) at the infective site (Figure 2) , whereas 2 had an increasing trend of SUVmax. Ten (77%) patients had CT prior to 18 F-FDG PET/CT; of the 2 whose CT showed no evidence of infection, one had FDG uptake and the other showed no uptake. CT scans of the other 8 (62%) patients showed evidence of aortic infection either in the form of periaortic fat stranding or an infective collection; 7 had confirmed FDG uptake on 18 F-FDG PET/CT and one had no FDG uptake. This corresponds to an 80% positive correlation rate between CT and 18 F-FDG PET/CT. All patients were treated with a presumptive or definitive diagnosis of mycotic aneurysm or aortic VGI based on their clinical signs and symptoms, clinical parameters including temperature, white cell count, erythrocyte sedimentation rate, C-reactive protein, and 18 F-FDG PET/CT findings. One of the 9 patients who developed VGI had prior EVAR and required stent graft removal (patient B, Figure 2 ). The other 8 were prescribed lifelong antibiotic treatment guided by microbiologists because they were deemed either clinically too high-risk for graft explantation after multidisciplinary discussion with anesthetists, vascular and cardiothoracic surgeons, or were responding well to conservative antibiotic therapy. Of the 4 patients diagnosed with mycotic aneurysms, 3 underwent successful endovascular stent graft treatment. One (patient M) was deemed too frail for even endovascular repair, and lifelong antibiotic therapy was decided.
The mean follow-up from the diagnosis of infection was 42.6 months for patients with VGI; the mean survival was 12 months for this cohort. There were 3 (23%) deaths during follow-up, all of these patients had nonspecific periaortic changes on contrast CT. Definitive diagnoses and the eventual decisions on commencing VGI treatment were based on further imaging using 18 F-FDG PET/CT in each of the 3 patients who died. A 54-year-old man (patient D) underwent TEVAR for a dissecting descending thoracic aortic aneurysm. Postoperatively, he suffered persistent fever and chest pain.
18 F-FDG PET/CT showed a periaortic collection with local osseous destruction, SUVmax 16.7. Conservative treatment with antibiotics failed. A thoracotomy with anterior spinal fusion and drainage of the collection was performed 7 weeks after TEVAR. Sepsis was controlled initially with antibiotics, but he developed persistent pneumonia and eventually succumbed at 3 months. The second patient was a 71-year-old man (patient F) who presented with chest pain and hemoptysis. He had undergone TEVAR for an aortic arch aneurysm 4 months previously. 18 F-FDG PET/CT confirmed an infected collection adjacent to the stent graft with fistulation into the left main bronchus, SUVmax 3.6. Graft extraction under cardiopulmonary bypass was deemed too risky after a multidisciplinary discussion. The patient succumbed 4 months later from sepsis. The third patient (patient G) had an aortobifemoral bypass for atherosclerotic disease 16 years prior to presentation with fever and intestinal obstruction. Blood culture was positive for Salmonella.
18 F-FDG PET/CT confirmed FDG uptake of SUVmax 3.3 at the proximal graft and he was started on antibiotics. He suffered from persistent poor nutritional status and developed cardiac arrest from hyponatremia 2 months after graft infection.
The mean follow-up for patients with mycotic aneurysms was 20.8 months; the mean survival was 21 months. There were 2 deaths during the follow-up period. Both patients suffered from pyrexia of unknown origin, and 18 F-FDG PET/CT identified mycotic aneurysms as the primary source of sepsis. The first was a 65-year-old female (patient J) who presented with fever and a history of recurrent transient ischemic attacks, ischemic heart disease, and diabetes mellitus. Blood culture was positive for methicillinresistant Staphylococcus aureus.
18 F-FDG PET/CT identified a mycotic aortic arch aneurysm, SUVmax 6.4. This was treated with emergency TEVAR. Serial 18 F-FDG PET/CT showed decreasing FDG uptake indicative of resolving infection with antibiotic therapy. Unfortunately, she developed sudden cardiac arrest during rehabilitation and succumbed at 9 months post-TEVAR. An 86-year-old man (patient K) with a history of renal impairment and ischemic heart disease, presented with fever and abdominal pain. Blood culture was positive for methicillin-resistant Staphylococcus aureus.
18 F-FDG PET/CT identified a 5.6-cm mycotic aneurysm of the abdominal aorta, SUVmax 9.2. Emergency EVAR was carried out. However, he suffered persistent sepsis postoperatively, and developed renal and respiratory failure, eventually succumbing 2 months post-EVAR.
Discussion
Aortic infection represents a major diagnostic and treatment challenge. CT is widely used and considered the gold-standard imaging tool for suspected vascular infection. It provides a rapid and detailed assessment of the vasculature and can offer morphological and anatomical images in high resolution. These thin-sliced qualitative images are particularly useful in cases of mycotic aneurysm or dissection to facilitate planning for endovascular intervention. Abnormal periaortic fat stranding, contrast enhancement, or fluid collections are clues to infection. These features, if present in the vicinity of a prosthetic graft, suggest VGI is likely. However, such features are not always prominent and may be indistinguishable from postoperative inflammatory changes, especially in low-grade infection. The sensitivity of CT in the diagnosis of VGI is quoted to be around 55% only, with this figure improving with more advanced infection such as gross abscess formation. 19 Functional imaging with 18 F-FDG PET/CT may not be readily available in all hospitals and is rather costly in most countries. In cases where the CT images are nondiagnostic or incompatible with clinical findings, 18 F-FDG PET/CT can offer an additional diagnostic capability. 20, 21 This study showed a positive correlation rate for 18 F-FDG PET/CT of 80% in the 10 patients who underwent an initial CT scan. With additional diagnostic confirmation by 18 F-FDG PET/CT, these patients were started on treatment promptly. Indeed, based on clinical and laboratory findings, all patients were treated for aortic or graft infection after undergoing 18 F-FDG PET/CT. Mycotic aneurysms, if left untreated, would lead to eventual rupture or septicemia. In this series of patients, 3 underwent EVAR followed by lifelong antibiotics after diagnostic confirmation with 18 F-FDG PET/CT. More essentially, endovascular stent graft removal was necessary in one patient following serial 18 F-FDG PET/CT scanning while the other 7 with VGI showed a good response and were kept on lifelong antibiotics. It should be stated however that these patients have only had a short follow-up period and it cannot be ascertained whether serial scanning has an impact on long-term outcome.
The limited number of reports on the usefulness of 18 F-FDG PET/CT in open VGI have shown promising results. Fukuchi and colleagues 11 reported a series of 33 patients with suspected aortic graft infection and compared conventional FDG PET (no fusion CT) with CT findings. Eleven patients were eventually considered to have infection after undergoing FDG PET. They found that the sensitivity of PET was significantly higher than CT (91% vs. 64%, p < 0.05) but the specificity was lower than that of CT, although not statistically significant. These authors also suggested that the pattern of FDG uptake (focal uptake of FDG is more suggestive of infection) should be a diagnostic criterion for graft infection in addition to FDG uptake intensity and CT findings. Spacek and colleagues 12 described a series of 76 patients with 96 vascular grafts with suspected infection. They also identified focal uptake as well as an irregular graft boundary (periaortic stranding) as significant predictors of VGI. By comparing microbiological culture with PET/CT findings, PET/CT was accurate in >95% in 75% of prostheses. Recently, Sah and colleagues 16 reported a series of 34 patients with suspected graft infection. Fourteen of these patients had endovascular stent grafts. Using a 5-point visual grading score as well as a binary score, 18 F-FDG PET/CT had a sensitivity of 100% and specificity of 86%. We agree with these authors that the diagnostic accuracy of 18 F-FDG PET/CT is high in aortic graft infection. Table 2 F-FDG PET/CT images characterized by absence of FDG uptake was shown in the second scan in all patients.
In our series, the SUVmax values ranged from 3.3 to 11.4 in VGI patients, and 6.3 to 9.4 in mycotic aneurysm patients. A strict cutoff value for diagnosis does not yet exist. Spacek and colleagues 12 suggested a value of 1.7 from their series on VGI, and Tokuda and colleagues 24 suggested >8 for diagnosis of VGI. Methodological differences, heterogeneous patient populations, as well as technical and biological factors among studies, make the determination of a reliable cutoff value difficult. More validating studies are required before such a value can be used in routine clinical practice. 16, 17 Several advantages specifically pertain to the use of 18 F-FDG PET/CT in aortic infection. It is a relatively quick investigation. Speed to diagnosis is critically important in such aortic infections for antibiotics to be commenced and infected stent grafts to be surgically removed. 18 F-FDG PET in combination with CT offers high-quality images and provides a higher sensitivity than conventional CT. 15 In addition, FDG uptake has the potential to quantify the degree of infection. This is a potentially useful tool for disease monitoring in stable patients initially decided for nonoperative treatment. In such stable patients with antibiotic treatment together with serial scanning, a reducing FDG uptake would indicate a response to treatment and they may be safely kept on conservative management. This can be particularly useful in elderly patients with multiple comorbidities or when surgical intervention is anticipated to be technically challenging, thus avoiding the need for high-risk surgical exploration. On the contrary, an increasing FDG reading would suggest failure of conservative treatment and should prompt either a change in the antibiotic regimen or surgical intervention. In our study, 4 patients underwent serial 18 F-FDG PET/CT and trends in FDG uptake were demonstrated in all. The usefulness of serial scanning is highlighted by one patient whose FDG uptake remained elevated after 3 scans, despite antibiotic treatment. This finding, together with a clinically worrying physical condition, prompted surgical stent graft removal. In patients who develop life-threatening sepsis or hemodynamic instability, 18 F-FDG PET/CT scans are not necessary and may not offer any additional information on top of contrast CT scans.
There are several limitations in our study. This was a retrospective review of a prospective patient database and not all patients who presented to us with mycotic aneurysms or VGI had 18 F-FDG PET/CT scans. Only 13 patients were available for this study. Aside from the rarity of these clinical entities, the main reason for the small cohort was that 18 F-FDG PET/CT is a selffinanced imaging modality in Hong Kong and many patients were unable to afford this investigation, especially for serial comparisons. One concern with the use of 18 F-FDG PET/CT in the diagnosis of aortic infection is its false positivity. 25 Postoperative inflammation, a foreign body reaction, mitotic disease, or sterile inflammation may all contribute to accumulation of FDG. Another disadvantage is the effect of hyperglycemia in diabetic patients on the results of 18 F-FDG PET/CT. Vascular disease and diabetes often coexist, and whether 18 F-FDG PET/CT scanning in such patients would give less-reliable results remains to be investigated properly. 26 Cost was a major limiting factor and not all our patients with aortic infection were able to undergo this investigation. However, as the results of its use are promising from the evidence available so far, it is hoped that with early confirmation of the presence or absence of infection, many patients can be spared unnecessary surgical intervention. More importantly, in cases of definitive infection, appropriate antibiotic treatment or early surgical intervention can be commenced to relieve the burden of critically ill patients on the healthcare system. Suspected aortic or vascular prosthesis infection can pose a diagnostic challenge. This study has highlighted the usefulness of 18 F-FDG PET/CT in aiding the diagnosis, particularly in patients in whom clinical parameters and first-line imaging such as CT are inconclusive. Confirmation of infection by 18 F-FDG PET/CT allowed prompt and appropriate treatment to be instituted on an individual basis. Furthermore, response monitoring with 18 F-FDG PET/CT could identify patients for operative management in cases of failed conservative treatment.
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